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of the retina. At first glance, it would seem improbable studies that have revealed the basic mechanisms by
that full-fledged sodium action potentials would play a which odorant information in the periphery is reliably
major role. Thus, the first stages of retinal processing transferred to the brain for higher order processing.
are likely to remain analog rather than digital. However, The initial step in odorant recognition is the interaction
subthreshold regenerative sodium currents might pro- between an odorant and a distinct subpopulation of ORs
vide a small boost in signal processing. present on the dendritic membrane of OSNs. Several
studies indicate that insect and vertebrate OSNs ex-
press only one or a few ORs, which thereby defines theDavid Copenhagen
functional phenotype of the OSN. Independent of theirDepartments of Ophthalmology and Physiology
physical location in the sensory epithelium, all neuronsUniversity of California, San Francisco
expressing a given OR project to one of many function-School of Medicine
ally distinct and spatially invariant neuropil conglomer-San Francisco, California 94143
ates in the brain called glomeruli. This topographical
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spatial and temporal representations interact to form
Tachibana, M., Okada, T., Arimura, T., Kobayashi, K., et al. (1993).
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understanding of these mechanisms requires not onlyTian, N., Hwang, T.N., and Copenhagen, D.R. (1998). J. Neurophys-
a complete topographic map of the olfactory system,iol. 80, 1327–1340.
but an understanding, among other things, of how theSchmitz, Y., and Witkovsky, P. (1997). Neuroscience 78, 1209–1216.
temporal (i.e., physiological) properties of activatedSjostrand, J., Popovic, Z., Conradi, N., and Marshall, J. (1999).
OSNs work in concert with this spatial information toGraefes Arch. Clin. Exp. Ophthalmol. 237, 1014–1023.
encode odor quality. Constructing a comprehensiveWen, R., Lui, G.M., and Steinberg, R.H. (1994). J. Physiol. 476,
view of olfaction in this manner is nearly impossible to187–196.
accomplish in mammals given the cellular complexityZenisek, D., Henry, D., Studholme, K., Yazulla, S., and Matthews,
G. (2001). J. Neurosci., in press. of mammalian olfactory systems and the presence of
approximately 1000 ORs and 1800 glomeruli in these
animals. In contrast, the fruit fly olfactory system is a
much simpler system (approximately 61 ORs and 43Unlocking the DOR Code
glomeruli) and, as such, affords a unique opportunity to
understand the complete underpinnings of the olfactory
process in a single organism. A recent study by VosshallOlfactory systems possess the remarkable power to dis-
et al. (2000) has provided the first look at the map ofcriminate between tens of thousands of distinct odors,
receptor activation in the Drosophila brain. Building oncovering a wide range of chemical types. How can olfac-
this work, along with the current knowledge of Drosoph-tory systems distinguish the fragrance of a rose from
ila odorant receptor (“DOR”) expression patterns in thethe odor of garlic or a pine forest? The first step in
antenna (Clyne et al., 1999; Gao and Chess, 1999; Voss-odorant discrimination takes place in the olfactory epi-
hall et al., 1999), it may soon be possible to constructthelium (i.e., the nose). Olfactory epithelia of higher or-
a functional map of the Drosophila antenna that relatesganisms contain a multiplicity of functionally distinct
the molecular, anatomical, and physiological mecha-olfactory sensory neurons (OSNs), each sensitive to a
nisms underlying odorant discrimination. In this issuespectrum of different odorant molecules, that effectively
of Neuron, John Carlson and his colleagues (de Bruyneselect out components of complex odors and present
et al., 2001) take the necessary first step in understand-the specific information to the brain. Once in the brain,
ing how the physiological properties of OSNs might par-odorant information is reconstructed and processed to
ticipate in encoding odorant quality. The authors utilizebestow the organism with a “perception” of smell. Since
the relative simplicity and highly organized structurethe initial identification of an astoundingly large family
of the Drosophila antenna to characterize the ligandof G protein-coupled odorant receptors (ORs) in the rat
specificity and response dynamics of a large subpopula-(Buck and Axel, 1991), there has been a remarkable
tion of OSNs arrayed along the antennal surface.series of breakthroughs in deciphering the basic princi-
Insect and vertebrate olfactory systems alike possessples underlying odorant discrimination. Of particular im-
portance are the surfeit of molecular and anatomical bipolar sensory neurons with modified sensory den-
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OSNs within basiconic sensilla (some 600 neurons) can
be segregated into as few as 16 distinct functional
classes with respect to their response profiles to the
diagnostic panel of odorants. At first glance, this might
suggest that the Drosophila olfactory system, unlike the
olfactory systems of rats and mice, is limited in its ability
to discriminate odors. However, electrophysiological
characterization of OSN responses indicates that differ-
ent odorants acting on a given OSN can induce a variety
of physiological responses, including both stimulation
and inhibition of spike frequency, and different kinetics
of response termination. These varying response dy-
namics may effectively increase the discriminatory
power of the Drosophila olfactory system by expanding
the repertoire of possible odorant-induced physiological
responses. In addition, variation in the kinetics of re-
sponse termination may help explain how odorant infor-
mation encoded by primary OSNs relates to odorant-
specific temporal patterns of postsynaptic projection
neuron (PN) activity within the antennal lobe (the first
relay station of neuronal input from the antenna). A re-
cent study of the effects of odor-plume dynamics on
PN activity in the antennal lobe of the moth Manduca
sexta implies that input from primary OSNs can directly
influence temporal patterns of PN activity (Vickers et al.,
2001). Perhaps the temporal patterns of OSN activity
observed by de Bruyne et al. help coordinate odorant-
specific projection neuron activity in the antennal lobe.
A particularly interesting feature of Drosophila OSNs
is the multiplicity of responses exhibited by individual
OSNs. While OSNs representing each functional classSchematic Overview of a Mammalian and Fly Olfactory Epithelium
were stimulated by one or more odorant, at least threeLeft, olfactory epithelia (OE) of flies and mammals are partitioned
of the 16 classes were inhibited by odorant application.into broad functional zones (I–VII). Right, both systems are amenable
Although odorant-induced OSN inhibition has yet to beto extracellular physiological recordings. However, in the fly, olfac-
tory sensory neurons (OSN) are compartmentalized into hair-like conclusively demonstrated in mammals, this curious
structures (sensilla) arrayed along the antennal surface in stereo- feature of Drosophila OSNs has also been observed in
typed locations. In this issue of Neuron, de Bruyne et al. utilized the lobster (reviewed by Ache et al., 1998), suggesting
this neuronal organization to construct a functional map of the Dro- that odorant-induced OSN inhibition may be common
sophila antenna. SC, support cell. Top right figure, modified from
to the arthropod lineage. Another interesting feature ofLancet (1986).
the Drosophila OSNs is the narrow molecular receptive
range of their DORs. Electrophysiological recordings of
individual Drosophila OSNs indicate that, while 11 of
drites that are bathed in an aqueous medium (see figure). the 16 classes of OSNs respond to more than one test
One major difference between the two systems is that odorant, most classes respond best to odorants exhib-
insect OSNs are compartmentalized into cuticularized iting similar structural features. Recent studies in mam-
hair-like structures called sensilla. This compartmental- mals (Araneda et al., 2000) and the moth Manduca sexta
ization provides a unique environment for odor detection (Shields and Hildebrand, 2001) make similar observa-
whereby ORs present on the dendrite membranes of tions. The combination of relative OR promiscuity, but
OSNs, and possibly proteins located in the extracellular within a narrow range of chemical classes, may provide
sensillum lymph, define the functional specificity of a significant evolutionary advantage, since these same
OSNs within an individual sensillum. In Drosophila, as OSN properties have been maintained in organisms sep-
in many insects, functionally distinct olfactory sensilla arated by over 500 million years. There do appear to be
are also morphologically distinct, thus providing an ideal some interesting exceptions to this correlation and a
tissue source for establishing a functional map of the more detailed analysis of the receptive range of the
antenna. De Bruyne et al. have developed such a func- DORs could yield insight into the rules governing spe-
tional map by systematically recording the responses cific ligand-receptor relationships. One notable excep-
of hundreds of OSNs of basiconic sensilla to a panel of tion is the sex pheromone-sensitive OSNs of male
47 diverse odors and correlating the response profiles moths, which possess an exquisitely narrow molecular
with well-established anatomical maps of the antenna. receptive range, responding only to one or a few compo-
The results of this study reveal several interesting prop- nents of a species-specific female pheromone blend
erties of OSN responses that shed light on some of the (Meng et al., 1989). Given the importance of mate loca-
fundamental physiological principles of odorant dis- tion for reproductive success in insects, it is likely that
crimination in the fly. sex pheromone-sensitive OSNs with an equivalent mo-
lecular receptive range are also present in Drosophila.A central finding in the manuscript is that all of the
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Identification of these neurons in Drosophila awaits de- particularly attractive to many of these converts (Ermen-
trout and Kleinfeld, 2001). Increased computing powerfinitive identification of a true sex pheromone in this
and simulation sophistication are making it a commonspecies.
occurrence for circuit simulations to be used as yetOne of the most appealing results of this study are
another tool for interpreting data and selecting the mostthe many similarities between the olfactory systems of
critical future experiments.organisms separated by hundreds of millions of years
It is also readily apparent that the problems solvedof evolutionary time. Olfactory sensory neurons differen-
by the olfactory system are similar to those solved bytially express one of a large family of receptors that
other sensory systems, including the more familiar sen-recognize multiple odors, and various odors are recog-
sory modalities of vision and audition (Hildebrand andnized by more than one receptor, leading to a combina-
Shepherd, 1997). To understand olfaction, one confrontstorial code for potentially hundreds of odors over orders
questions common to all sensory systems, such as howof concentrations. Receptors of similar sensitivities are
feature detection, background suppression, and selec-loosely segregated into stereotyped anatomical regions.
tive attention are implemented, how receptor arrays areEven the classical technique of recording the tuning
mapped onto interneuron populations, and how priorcurves of sensory receptor neurons and pairing them
experience modifies sensory processing.with anatomical and structural data has, in this most
Circuits for early olfactory processing in the locustmolecular of organisms, provided new insights into how
have yielded a rich harvest of cellular and network re-the fly “knowses” about its world.
sponses to odor application, due largely to work by
Gilles Laurent and colleagues at CalTech. Two papersMatthew E. Rogers and Stuart J. Firestein
in this issue (Bazhenov et al., 2001a, 2001b) provide aDepartment of Biological Sciences
particularly elegant example of the creative use of theseColumbia University
data to make detailed neuronal and network simulationsNew York, New York 10027
of early olfactory processing in the locust. These simula-
tions establish the minimal set of cellular and networkSelected Reading
properties needed to reproduce existing measurements
Ache, B.W., Munger, S., and Zhainazarov, A. (1998). Ann. NY Acad. of neuronal response properties in the locust olfactory
Sci. 855, 194–198. system. In addition, the simulations are used to explore
Araneda, R.C., Kini, A.D., and Firestein, S. (2000). Nat. Neurosci. 3, the effects of manipulating single biophysical variables
1248–1255. in the locust early olfactory system in ways not possible
Buck, L., and Axel, R. (1991). Cell 65, 175–187. with current experimental technique, e.g., changing the
Clyne, P.J., Warr, C.G., Freeman, M.R., Lessing, D., Kim, J., and density of calcium-activated K1 channels in a subset of
Carlson, J.R. (1999). Neuron 22, 327–338. neurons by 50%. The work is also paradigmatic in that
Gao, Q., and Chess, A. (1999). Genomics 60, 31–39. it represents a collaboration between physicists and
Lancet, D. (1986). Vertebrate olfactory reception. Annu. Rev. Neu- neurobiologists committed to constructing a model
rosci. 9, 329–355. tightly constrained by the wealth of available data and
Laurent, G. (1999). Science 286, 723–728. able to suggest biologically plausible new experiments.
Meng, L.Z., Wu, C.H., Wicklein, M., and Kaissling, K.-E. (1989). J. One of the central findings of the experimental work
Comp. Phys. A 165, 139–146. on locust and honeybee olfactory processing circuitry
Mombaerts, P. (1999). Science 286, 707–711. is an odor-triggered oscillation in the local field potential
Shields, V.D., and Hildebrand, J.G. (2001). J. Comp. Physiol. A 186, (LFP) of the antennal lobe. An oscillatory local field po-
1135–1151. tential was first described more than 50 years ago by
Vickers, N.J., Christensen, T.A., Baker, T.C., and Hildebrand, J.G. Lord Adrian in studies on the olfactory bulb of the hedge-
(2001). Nature 410, 466–470. hog. Spontaneous or odor-triggered LFP oscillations are
Vosshall, L.B., Amrein, H., Morozov, P.S., Rzhetsky, A., and Axel, a universal feature of olfactory processing systems
R. (1999). Cell 96, 725–736. (Gelperin, 1999). Hints as to the computational role of
Vosshall, L.B., Wong, A.M., and Axel, R. (2000). Cell 102, 147–159. oscillations in olfaction are just beginning to emerge.
Previous work by Laurent and coworkers using honey-
bees suggested that oscillations led to synchronization
of interneuron responses, which was critical for discrimi-Smelling Well with a Code
nating two similar odors but not two very different odors
in the Nodes (Stopfer et al., 1997). In a remarkable set of experiments
with intact restrained honeybees, antennal lobe network
dynamics was altered pharmacologically to eliminate
The current renaissance in computational neuroscience odor-elicited synchronization but maintain average lev-
is seen particularly clearly in studies of olfaction (Hop- els of interneuron firing while behavioral measures of
field, 1999; Linster and Cleland, 2001; Laurent et al., odor discrimination were obtained. With synchroniza-
2001). The group of computational neuroscientists tion blocked, similar odors were confused while dissimi-
trained in the appropriate mathematical techniques and lar odors were discriminated. This work generated great
motivated to create neurobiologically realistic neuronal interest as one of a very small set of experiments involv-
simulations is increasing dramatically, augmented by ing restricted and reversible CNS perturbations with be-
physicists and mathematicians who see biological ques- havioral read out. Similar results indicating the impor-
tions as a suitably challenging domain for the exercise of tance of oscillations for odor discrimination have been
obtained with block of LFP oscillations in the antennaltheir talents. Olfactory processing circuits have proven
